Bis-quaternary ammonium compounds (bis-QACs) have the ability to cause a rapid and abundant leakage of the turbid materials from cells, and such a bacterioclastic ability leads to a potent bactericidal activity. In order to clarify the detailed mechanism of the bactericidal action of bis-QACs, the correlation between the bacterioclastic action of 4 ,4'-(1,6-h examethylenedithio)
bis (1-octylpyridinium bromide) (4DTBP-6,8) and the leakage of outer membrane pore protein E (OmpE) was investigated. Using the antiserum against a fusion protein consisting of GST and the OmpE protein of Escherichia coil encoded by the ompE gene ,i t was seen that the leakage of OmpE from E. coil cells was caused by treatment with low concentrations (much lower than the critical vesiculation concentration) of 4DTBP-6 ,8. Furthermore, it was confirmed that 4DTBP-6,8 caused an increase in the turbidity of the cell suspension of Klebsiella pneumoniae, Salmonella typhimurium and Serratia marcescences , and led to the leakage of several proteins which have a high percentage of homology with OmpE of E. coll. By immunoelectron microscopy investigation, it was revealed that the vesiculation from E. coil treated with 4DTBP-6,8 contains OmpE. In addition , the bacteriolytic action of 4DTBP-6,8 was investigated.
The results suggested that the lysis of cells by bisQACs was not an enzymatic action such as that by autolysin but a physical bacterioclastic action. Judging from these results, it is suggested that the leakage of OmpE is one of the major bacterioclastic actions of bis-QACs, and deals the bacterial cells a fatal blow.
INTRODUCTION
Bis quaternary ammonium compounds (bis-QACs) which possess two quaternary ammonium groups in their molecules are excellent biocides belonging to a group of cationic membrane-affecting agents. The antimicrobial potencies of bis-QACs showed a wider spectrum and more effective antimicrobial acrivity than those of general single-chain QACs (monoQACs) against both gram-positive and gram-negative bacteria, fungi, and spores (Okazaki et al., 1997b; Maeda et al., 1998; Maeda et al., 1999; Shirai et al., 2005; Yabuhara et al., 2004; Zhang et al., 2003) .
Recently, we investigated the mode of the bactericidal action of bis-QACs against Escherichia coll. In a kinetic analysis of the bactericidal action of bisQACs, one of the potent bactericidal actions of bisQACs proved to be due to the quickness of their bactericidal action (Sumitomo et al, 2003) .
Moreover, on the basis of the evidence obtained from a subsequent study on the bacterioclastic action of bis-QACs, the mechanism of the destruction of the membrane structure by bis-QACs can be surmised as follows (Sumitomo et al., 2004) . The first step of the bactericidal action is the approach of the bis-QAC to the hydrophobic and electronegative sites of the bacterial cell surface and the invasion of the bis-QAC into the cell membrane by a displacement reaction with the boundary magnesium ion (Mg2+) on the bacterial surface which causes the Mg2+ to leak from the outer membrane. The bis-QAC replacing the Mg2+ makes the cell membrane bulge since the size of the bis-QAC is much larger than that of Mg2+, and blebs are formed on the cell surface. The second step is the inhibition of respiratory enzymes and the leakage of cell membrane components such as lipopolysaccharide (LPS) and outer membrane pore proteins. The third step causing the fatal blow is the leakage of intracellular materials through the formation of holes caused by damage to the cell surface due to the vesiculation and destruction of the peptidoglycans. As described above, the first stage of bacterioclastic action of a bis-QAC is the leakage of Mg2+, and the leakage of the outer membrane pore proteins and LPS follows it. Moreover, it was found that the amount of the proteins leaked from bacteria cells increased with the increase in the concentration of the bis-QAC, and the leakage of outer membrane pore proteins such as the outer membrane pore protein E (OmpE) was more apparent than other proteins. In order to clarify the detailed mechanism of the bacterioclastic action of bis-QACs, the effect of a bis-QAC on OmpE and porin ompF of outer membrane proteins was investigated by immunoelectron microscopy. Furthermore, the leaked proteins from several gram-negative bacteria such as Klebsiella pneumoniae, Salmonella typhimurium, and Serratia marcescence cells treated with the bis-QAC were analyzed.
It has been shown that QACs at their minimum bactericidal concentration (MBC) also markedly lysed the bacterial cells. It is suggested that not only the turbidity in the cell suspension but also the bacteriolytic action of QACs is closely linked to the mechanism of the bacterioclastic action of QACs. However, there is little information about the bacteriolytic action of bis-QACs. In this study, the bacteriolytic action of a bis-QAC was examined and compared with those of commercial disinfectants.
MATERIALS AND METHODS

Bacterial strains and plasmids
The bacteria strains and plasmids used in this study are shown in Table 1 . The bacteria strains were mainly cultivated according to a previous report (Sumitomo et al., 2003) .
Chemicals
4,4'-(1,6-Hexamethylenedithio) bis (1-octylpyridinibromide) was synthesized in our laboratory and is 1997; Devinsky et al., 1996; Kourai et al., 1980; Okazaki et al., 1997a) . It has been shown that monoQACs have strong bacteriolytic activity against the exponential phase cells of E coil (Kourai et al., 1994b) . In the present study, it was shown that the bacteriolytic activity of bis-QACs is stronger than that of commercial disinfectants including mono-QACs (Fig. 5) . It has been shown that several surfactants interact with the regulatory systedm of autolysins, affect the activities of autolysins in B. subtilis cells, and bring about either morphological changes or cell autolysis (Tsuchido et al., 1990) . To determine whether the lysis of E. coil cells is enzymatic or physical in nature, chloramphenicol, a kind of protein synthesis inhibitor, was employed (Fig. 6 ). In the presence of chloramphenicol, the growth of E. coil was inhibited by the protein synthesis inhibitory action of chloramphenicol. However, chloramphenicol added to the culture containing 4DTBP-6,8 did not inhibit the decrease in the OD660 of the culture broth.
The OD660 values of the culture broth, which contained cells in which protein synthesis had been inhibited by chloramphenicol, were decreased by the addition of 4DTBP-6,8. Furthermore, 4DTBP-6,8 did not cause an aberrant morphology of E. coil cells grown after the treatment with it (data not shown). These results suggested that the lysis of cells by bis-QACs does not depend on an enzymatic action such as that by autolysin but a physical bacterioclastic action. Moreover, we reported that bis-QACs, possessing two quaternary ammonium groups in the molecule, have the ability to cause a rapid and abundant leakage of the turbid materials from Escherichia coil cells, and that such a bacterioclastic ability leads to a potent bactericidal activity. This phenomenon was found in other gram negative bacteria, K pneumoniae, S. typhimurium and S. marcescence (Fig. 2) , and it was suggested that the bactericidal effect of bis-QACs is based on a bacterioclastic action, and the turbid materials are formed from the outer membrane, cytoplasmic membrane and/or intracellular materials. In our previous report, it was also found that the amount of the proteins leaked from E coil cells increased with increase in the concentration of bisQACs, and the leakage of the outer membrane pore protein E (OmpE) was especially prominent in the leaked proteins from cells treated with bis-QACs (Sumitomo et al., 2004) . Furthermore, it was confirmed that 4DTBP-6,8 caused the increase in the turbidity of the cell suspension of K pneumoniae, S. typhimurium and S. marcescence, and several proteins which have a high percentage of homology with OmpE of E. coil were leaked from these bacteria cells (Fig. 3) . From these results, it may be presumed that the bacterioclastic action of bis-QACs is closely related with the leakage of OmpE. Using the antiserum against a fusion protein consisting of GST and the OmpE protein of E. coil encoded by the ompE gene, the relationship between the bacterioclastic action of 4DTBP-6,8 against E. coil and the leakage of OmpE was investigated by immunoelectron microscopy. The following was clarified (Fig. 7) . The micrograph of the blebbing (arrow a) caused by 4DTBP-6,8 on the bacterial cell surface showed the expansion of the periplasmic space and the existence of OmpE inside the outer membrane. Furthermore, it was confirmed that 4DTBP-6,8 causes the OmpE to leak from cells by vesiculation ( Fig.7; arrow b) . OmpE is one of the proteins induced when E. coil cells are grown under conditions of phosphate limitation. Its protein pore is particularly efficient in the uptake of phosphate ion, phosphorylated compounds, and some other negatively charged solutes (Argast and Boos, 1980; Tommassen and Lugtenberg, 1980) . Consequently, it is practically unthinkable that the positively charged 4DTBP-6,8 solute binds to OmpE and limits the permeability of the porin. In fact, there was not so much of a difference between the sensitivity of ompE geneknockout mutant E. coil against 4DTBP-6,8 and that of its parent strain of E. col,' (data not shown). On the other hand, inhibition of the cation-selective OmpF and OmpC porins by positively charged polyamines has been reported (dela Vega and Delcour, 1995; lyer and Delcour, 1997) . However, the sensitivity of ompE gene-knockout mutant E. col/ against 4DTBP-6,8 was not also different from that of its parent strain of E. coil (data not shown). Affinity sites for Mg2+ and Ca' on the pyrophosphoryl and/or phosphodiester groups of ketodeoxyoctulonic acid-lipid A region and on the ketodeoxyoctulonic acid trisaccharide unit of LPS play an important role in the assembly or maintenance of the organization of the outer membrane (Schindler and Osborn, 1979) . Therefore, it is reasonable to suppose that bis-QACs react with the binding sites of divalent cations by displacement reaction and/or bind to the cation-binding sites of LPS, rapidly leading to the leakage of main outer membrane proteins such as OmpE by destabilization or destruction of the outer membrane structure. Taking the above bacterioclastic mechanisms of bis-QACs into consideration, it is impossible for the cells damaged by bis-QACs to recover. Therefore, even repeated use of bis-QACs might not cause bacteria to adapt to them.
In conclusion, it was shown that OmpE is leaked from E col/ cells through vesiculation by the bacterioclastic action of the bis-QAC. Furthermore, it was suggested that the leakage of OmpE is one of the major bacterioclastic actions of bis-QACs, and deals the bacterial cells a fatal blow. Further investigations are in progress to elucidate the mechanism of the bactericidal action of bis-QACs.
